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FOREWORD 


Opinions, interpretations, conclusions and recommendations are 
those of the author and are not necessarily endorsed by the U.S. 
Army. 


_ Where copyrighted material is quoted, permission has been 

obtained to use such material. 

_ Where material from documents designated for limited 

distribution is quoted, permission has been obtained to use the 
material. 


Citations of commercial organizations and trade names in 
this report do not constitute an official Department of Army 
endorsement or approval of the products or services of these 
organizations. 


In conducting research using animals, the investigator(s) 



lered to the "Guide for the Care and Use of Laboratory 
Limals," prepared by the Committee on Care and use of Laboratory 
Animals of the Institute of Laboratory Resources, national 
Research Council (NIH Publication No. 86-23, Revised 1985). 

_ For the protection of human subjects, the investigator(s) 

adhered to policies of applicable Federal Law 45 CFR 46. 

t, 

</_ In conducting research utilizing recombinant DNA technology, 
t)he investigator(s) adhered to current guidelines promulgated by 
the National Institutes of Health. 


In the conduct of research utilizing recombinant DNA, the 




estigator(s) adhered to the NIH Guidelines for Research 
nvolving Recombinant DNA Molecules. 


In the conduct of research involving hazardous organisms, 
investigator(s) adhered to the CDC-NIH Guide for Biosafety in 



Microbiological and Biomedical Laboratories. 
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This Annual Summary Report addresses Grant # DAMD17-97-1-7110, a Pre-Doctoral Training 
Fellowship, covering research conducted by the principal investigator Matthew Hunter Jamerson 
(an M.D./Ph.D. student at the Lombardi Cancer Center, Georgetown University Medical Center), 
entitled “Cooperation of Bc1-xl and c-Myc in Mammary Tumorigenesis.” 

INTRODUCTION: 

c-Myc is a 439 amino acid nuclear transcription factor that interacts with DNA when 
heterodimerized with the Max protein. This heterodimerization is required for c-Myc-mediated 
cell cycle progression, cell growth, cellular transformation, and apoptosis, and is facilitated via 
C-terminal leucine zipper and basic helix-loop-helix motifs (Harrington et al., 1994; Packham et 
al., 1995; Facchini et al., 1998; Elend et al., 1999). c-Myc plays a role in cellular transformation 
via transcription upregulation and repression of target genes. The former occurs through 
established E-box or other less well-defined promoter elements, while the latter is most likely 
mediated through initiator elements or in conjunction with other transcriptional modulators such 
as AP-2 and C/EBP (Facchini et al., 1998; Dang, 1999). Deregulated expression of c -myc, via 
multiple mechanisms, including translocation, proviral insertion, gene amplification, point 
mutation, and direct transcriptional or translational effects, is a common feature of many human 
cancers (e.g. breast, lung, liver, and colon), and is thought to contribute to cellular proliferation 
and transformation when apoptosis is suppressed (Evan et al., 1992; Santoni-Rugiu et al., 1998; 
Dang, 1999). The Dual Signal model, as proposed by Gerard Evan, suggests that induction of 
apoptosis is an obligate function of c-myc expression and acts as a potent mechanism for 
suppression of tumorigenesis (Evan et al., 1993). Interestingly, recent data has suggested that c- 
Myc may increase genomic instability and enhance tumorigenesis, as do mutator oncogenes like 
MSH1 and MLH1, without absolute requirement for continued c-Myc overexpression (Felsher et 
al., 1999). 

In human breast cancers, c-myc is amplified in approximately 16%, rearranged in roughly 
5%, and overexpressed in the absence of gross locus alteration in nearly 70% of all cases, thus 
suggesting its importance in the genesis and/or progression of breast cancer (Nass et al., 1997; 
Deming et al. , 1999). The role of c-myc expression in both normal mammary development and 
function as well as in mammary tumorigenesis is currently a burgeoning field of study. c-Myc 
expression is increased in the normal mammary gland during pregnancy-related proliferation, it 
is absent in differentiated mammary alveolar cells during lactation, and is again increased during 
the normal apoptotic mammary involution process (Strange et al., 1992). c-Myc is believed to 
be a nuclear mediator of mitogenic signals incident upon cells from various receptor systems and 
is contributory to, but not sufficient for, mammary epithelial cell transformation (Leder et al., 
1986; Telang et al., 1990). Constitutive expression of c-myc has been shown to partially 
transform both mouse and human mammary epithelial cells (MECs), such that they grow in soft 
agar in response to epidermal growth factor (EGF) and transforming growth factor a (TGFa) 
(anchorage-independent growth), and are no longer as dependent upon these factors for 
anchorage-dependent growth as are the parental, non-transformed cells (Telang et al., 1990; 
Yalverius et al., 1990). 

Three groups have independently developed transgenic mice that express the c-myc 
oncogene in a mammary-associated (MMTV-c-myc) or mammary-specific (WAP-c -myc) context 
(Stewart et al. , 1984; Schoenenberger et al., 1988; Sandgren et al. , 1995). Another group has 
developed a mouse model, using a mammary tissue reconstitution method, in which the v-myc 
oncogene is expressed by a retrovirus throughout the reconstituted mammae (Edwards et al.. 
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1988). Both groups that generated WAP-c -myc transgenic mice reported an incidence of 
mammary tumors approaching 100% in multiparous animals, with all virgin animals remaining 
tumor-free over the observation period (to 14 months of age). These findings are as expected 
owing to the temporal window for the hormone-driven activity of the whey acid protein (WAP) 
gene promoter. The presence of mammary adenocarcinomas was reported as 100% for 
multiparous transgenic mice in which the murine mammary tumor virus long terminal repeat 
(MMTV-LTR) had been placed upstream of the mouse c -myc locus containing all three exons. 
Interestingly, WAP-c -myc and MMTV-c-wyc female transgenic mice display lengthy tumor 
latencies and exquisite dependence upon pregnancy for tumor development, suggestive not only 
of the contribution but also of the insufficiency of c -myc in mammary tumorigenesis. 

TGFa is a secreted, 50 amino acid glycoprotein, derived from an active, membrane- 
bound 160 amino acid precursor. TGFa demonstrates a high level of homology (~42%) with 
EGF (Martinez-Lacaci et al., 1999), and both molecules bind the epidermal growth factor 
receptor (EGFR) with high affinity. TGFa binding to the EGFR (also termed c-ErbBl) has been 
demonstrated to result in receptor homodimerization as well as heterodimerization with c-ErbB2, 
c-ErbB3, and/or c-ErbB4, when these receptor family members are present. Receptor 
dimerization subsequently leads to autophosphorylation and activation of downstream signaling 
pathways including p42/44 MAPK, JNK/SAPK, PI3K, PLC, and camp/PKA (Dickson et al., 
1995; Siegel et al., 1998; Martinez-Lacaci et al., 1999). TGFa is expressed in the normal 
murine mammary gland within the basal cells of the epithelium and the terminal cells of the 
nascent end bud; it is also present in murine and human mammary glands during pregnancy and 
has been demonstrated to have similar growth promotional effects upon human and murine 
MECs in vitro (Salomon et al., 1987; Valverius et al., 1989; Bates et al., 1990; Liscia et al, 

1990; Snedeker et al, 1991; Martinez-Lacaci etal., 1999). Early evidence demonstrated 
increased TGFa expression in mammary tumors versus normal mammary gland (Derynck et al., 
1987; Arteaga et al., 1988; Bates et al, 1988; Travers et al., 1988); however, the current 
paradigm for EGF-family growth factor participation in breast cancer involves the establishment 
of a pro-proliferative, anti-apoptotic, autocrine/paracrine stimulatory loop with EGFR (a 
molecule found overexpressed in approximately 50% of human breast cancers) (Harris et al, 
1988; Dickson et al., 1995; Dahiya et al., 1998, DeLuca et al., 1999). Three groups 
independently developed transgenic mouse models in which TGFa growth factor is expressed in 
a metal ion-inducible, general tissue context ( MT-tgfa ) (Sandgren et al., 1990; Jhappan et al, 
1990), a mammary-associated context (MMTV-tg/cr) (Matsui et al., 1990), or a mammary- 
specific context (WAP -tgfa) (Sandgren et al., 1995). Characterization of these transgenic 
models suggested that constitutive tgfa expression accelerates mammary development, impedes 
apoptotic involution, and contributes to mammary transformation by acting as both a survival 
and growth factor for differentiated murine MECs. Significantly, the requirement for pregnancy 
and extended tumor latency for tgfa transgenic models illustrates that TGFa is likely to be 
incapable of serving as the sole cause of mammary cancers; rather, it is likely to be one step 
along a multistep oncogenic pathway. 

The MMTV-c-myc/MMTV -v-Ha-ras cross generated in 1987 was the first c -myc 
containing bitransgenic mouse (Sinn et al., 1987). Characterization of this model demonstrated 
that deregulated expression these two genes resulted in accelerated mammary tumorigenesis with 
an abrogation of the requirement for pregnancy (mammary tumors were observed in virgin 
female mice as well as in male mice). In 1995, two c-myc/tgfa bitransgenic models were 
developed and lent support to the notion that signaling through the EGFR and/or activation of 
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Ras could potently synergize with deregulated c -myc expression in the mammary tumorigenic 
process (Amundadottir et al., 1995; Sandgren et al, 1995). The MMTV-c-wyc/MT-/g/hr 
bitransgenic mice developed multiple mammary adenocarcinomas with a much reduced latency 
and in the absence of any requirement for pregnancy or ovarian hormone stimulation. The 
complete absence of normal mammary tissue in bitransgenic animals and the ability of 
bitransgenic mammary tissue from 3 week-old mice to form tumors in athymic mice suggest that 
these two important, mammary-relevant genes are capable of synergistically transforming the 
mammary epithelium, apparently requiring minimal, if any, additional genetic alterations 
(Amundadottir et al, 1995,1996a). Characterization of the WAP-c-mycfWA?-tgfa bitransgenic 
model confirmed the potent synergy of these two genes in promoting and accelerating mammary 
tumor formation when compared with the relevant single transgenic animals (Sandgren et al, 
1995). Furthermore, the power of this cooperative interaction is demonstrated in both models 
since males and virgin female bitransgenic animals develop mammary tumors. 

Subsequent work in our laboratory with single transgenic mice, c-myc/tgfa bitransgenic 
mice, and cell lines derived from transgenic mouse mammary tumors, has led to the hypothesis 
that TGFa can cooperate with c-Myc in promoting cell cycle progression and can act to suppress 
c-Myc-induced apoptosis (Amundadottir et al., 1996b; Nass et al., 1996,1998). In situ end 
labeling of DNA fragments (TUNEL assay) in paraffin-embedded mammary tumor sections 
from transgenic animals indicate the presence of apoptotic mammary cells in c -myc transgenic 
tumors and their near absence in tumors from tgfa and c-myc/tgfa transgenic mice 
(Amundadottir et al., 1996b). Data from tumor cell lines indicate that the overexpression of 
these two genes results in increased cell proliferation under both anchorage-dependent and - 
independent conditions, a reduced requirement for exogenous growth factor stimulation, and 
greatly decreased apoptosis. The cell lines derived from c -myc transgenic mouse mammary 
tumors were significantly more apoptotic than cell lines derived from tgfa and c-myc/tgfa 
transgenic mammary tumors; however, the frequency of apoptotic cells in the c -myc lines could 
be considerably suppressed by the addition of exogenous TGFa or EGF. Conversely, apoptosis 
was considerably accentuated when EGFR signaling was blocked by addition on PD153035, a 
specific, synthetic EGFR tyrosine kinase inhibitor (Amundadottir et al., 1996b). Our results, 
together with those of another group, have suggested that transformation, maintenance of 
transformation, and suppression of apoptosis in c-/wyooverexpressing mammary tumor cell lines 
derived from transgenic animals may require signaling through the p42/44 MAPK and PI3K 
pathways, both of which are targets of activated EGFR (Amundadottir et al., 1998; Wang et al., 
1999). 

Molecular characterization of apoptosis in c-myc-overexpressing murine MECs derived 
from the MMTV-c-wyc transgenic mice led to the recognition that Bc1-xl, an anti-apoptotic 
member of the Bcl-2 family of apoptosis regulatory proteins, is a likely mediator of TGFa and 
EGF-directed protection against c-wryc-driven apoptosis. Bc1-xl mRNA and protein levels were 
elevated with TGFa or EGF treatment of these c-myc-expressing cell lines and expression of this 
anti-apoptotic molecule was significantly diminished with growth factor removal, TGF0 
treatment, or PD153035 treatment (EGFR blockade). Additionally, levels of Bax, a pro- 
apoptotic Bcl-2 family member, and p53 appeared relatively high and unchanged, while Bcl-2 
and Bcl-xs levels remained low or undetectable with these aforementioned treatments (Nass et 
al., 1996). The work in our laboratory has led to the development of the following model 
explaining the cooperation between in c-Myc and TGFa in proliferation and apoptosis in the 
mouse mammary gland: First, deregulated c-Myc may drive cellular proliferation by 
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E2F1, cyclin E, cdc25A phosphatase, and CAK-activating partner cdk7, and by lowering p27 
levels resulting in cdk2 activation. In contrast, TGFa overexpression leads to induction of cyclin 
D1 and, subsequently, the activation of cdk4/6 (Liao et al., in press). The combination of these 
effects may further deregulate the cell cycle and abrogate normal cell cycle checkpoint controls. 
Second, deregulated c -myc expression may promote apoptosis by directly inducing p53 
expression, and by directly or indirectly inducing Bax expression. Bax has been shown to be 
directly responsive to p53 and also to be a potential target for c-Myc induction owing to the 
location of four E-box motifs within the Bax promoter/5’-untranslated region (Miyashita et al, 
1995). This work, combined with results from the characterization of an MMTV-c-wyc/WAP- 
bcl2 bitransgenic model ( bcl2 expression accelerated mammary tumorigenesis and suppressed in 
vivo mammary tumor apoptosis) (Jager et al , 1997), strongly suggest that mammary 
tumorigenesis is significantly increased when deregulated c -myc expression, responsible both for 
driving proliferation and sensitizing cells to apoptosis, is coupled with other genetic alterations 
that act to block the c-myc-mediated apoptotic pathways. 

Recently, a great deal of information has been published exploring the role of apoptosis 
regulatory proteins in the normal development of the mammary gland as well as in breast cancer. 
Bc1-Xl is expressed in the cuboidal epithelium and myoepithelium of the breast and is known to 
be decreased during post-lactational mammary gland involution with its splice variant, Bcl-Xs, 
being induced (Krajewski et al. , 1994a; Li et al., 1997a). Whereas, Bcl-2 levels are reduced 
during the early stages of mammary involution, levels of Bcl-x L and Bax are highly upregulated 
with the relative levels skewed toward greater pro-apoptotic protein expression (Schorr et al., 
1999). Bc1-xl expression has been correlated with the presence of EGFR in ER-negative breast 
cancer cell lines with data from our lab regarding mammary tumor cell lines confirming that 
EGFR signal blockade results in decreased Bcl-x L expression (Nass et al. , 1996; Hsu et al ., 

1997). Bc1-xl has been shown to block apoptosis induced by p53 in T47D and TNF / anti-Fas in 
MCF-7 breast cancer cell lines (Jaattela etal., 1995; Schott etal., 1995). With regards to the in 
vivo situation, Bc1-xl has been shown to be overexpressed in breast cancer as compared to 
adjacent, normal breast tissue with Bc1-xl expression predominating over Bcl-2 expression in 
higher histological grade breast tumors with greater tumor cell resistance to apoptosis (Schott et 
al., 1995; Ogretman et al., 1996; Olopade et al., 1997; Sierra et al., 1998). To date, no work has 
been published on the targeting of a Bc1-xl transgene to the mammary gland of transgenic mice. 

Bax has been found to be expressed in the epithelium of the normal breast and has been 
demonstrated to be increased during post-lactational mammary gland involution without 
dependence upon functionally intact p53 protein (Krajewski et al., 1994b; Li et al., 1997b). The 
partial or total loss of Bax in knockout mice provided evidence that the presence of Bax was not 
necessary for mammary gland development and lactation (though a very small percentage of 
homozygous knockout animals did evidence some post-delivery lactational problems); 
furthermore, Bax nullizygous animals had reduced MEC apoptosis during the first stage of post- 
lactational mammary involution (Schorr et al., 1999a; Schorr et al, 1999b). Bax was found to 
be weakly expressed or absent in several breast cancer cell lines and transfection of Bax into 
breast cancer cell lines resulted in increased apoptotic sensitivity and diminished tumor 
proliferation in athymic mice (Bargou et al, 1995; Bargou et al., 1996). Bax was found to be 
highly expressed in normal breast tissue and absent (or nearly so) in invasive ductal breast 
tumors (Bargou et al., 1995). Furthermore, significant reductions in Bax were found in 34% of 
primary breast tumors in women with metastatic breast cancer and expression was inversely 
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correlated with survival, treatment response, and metastasis (Krajewski et al., 1995; Kapranos et 
al. , 1996). 

Presently, only one study has been published in which the role of Bax loss has been 
correlated with mammary tumorigenesis (Shibata et al., 1999). A transgenic mouse model for 
prostate cancer, in which the SV40 large T antigen (TAg) gene was placed under the control of 
the C3(l) prostatein gene regulatory elements, was also discovered to result in the ubiquitous 
development of mammary adenocarcinomas in all transgenic females (Maroulakou et al., 1994). 
Subsequent investigation with this model led to the determination that apoptosis, as measured by 
TUNEL assay, was most pronounced in preneoplastic hyperplasias and associated with increased 
Bax expression, and was reduced in both normal MECs and mammary adenocarcinomas; 
furthermore, generation of crosses between the Tag mice and p53 nullizygous mice demonstrated 
that apoptosis was entirely independent of p53 status in the mammary gland and mammary 
tumors and that p53 status did not influence the expression of Bax (Shibata et al, 1996; Shibata 
et al., 1999). Characterization of C3(1 )-TAg! />ax-hemizygous and nullizygous mice 
demonstrated that partial loss of Bax resulted in reduced apoptosis in preneoplastic mammary 
lesions with subsequent increases in tumor growth rate, tumor number, and tumor mass. 
Interestingly, no alteration in apoptosis levels or cellular proliferation were discovered in 
mammary carcinomas in these animals and animals in which both alleles of Bax were eliminated 
evidenced a slightly reduced number of mammary lesions perhaps due to reduced mammary 
ductal formation in these animals (Shibata et al., 1999). This study lends further weight to the 
notion that Bax is a tumor suppressor gene and is specifically relevant to tumorigenic processes 
in the mammary gland (Yin et al., 1997; Shibata et al., 1999). 

Of great interest to those who study breast cancer and c-Myc is the nature of apoptosis 
signaling by c-Myc and its contribution to tumorigenesis. Constitutive expression of Bc1-xl 
and/or loss of Bax are likely to disrupt the c-Myc-induced apoptotic pathways without 
significantly influencing c-Myc-mediated proliferation. Development of these combinatorial, 
mammary-relevant transgenic models (c -myc/bcl-xi and c-mydbax-knockoui) will provide a 
convincing, in vivo method for dissecting the role of apoptosis in c-Myc-related mammary 
tumorigenesis and may provide greater resolution of molecular pathways that might be exploited 
for clinical assessment and therapeutic management of breast cancer. 
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SUMMARY OF TRAINING AND RESEARCH ACCOMPLISHMENTS: 

This annual summary of training and research accomplishments covers the period 
between August 1,1998 and December 31,1999 for Grant #DAMD17-97-1-7110 under the 
direction of principal investigator, Matthew Hunter Jamerson. Please note that a revised 
statement of work will be presented within this summary discussion. 

I. Revised Specific Aim #1 : Develop two transgenic model systems to examine the cooperation 
of c-Myc with Bax-knockout and Bc1-xl expression in mammary tumorigenesis. 

Months 1-22 


A. Specific Aim #1A : Generate tetTA(tetOP-//a)tetOP-/wc/tetOP-6c/-xiMMTV-c-myc 

transgenic mice, ascertain transgene expression using tail DNA biopsy, and 
establish study groups. 

B. Specific Aim#IB : Generate MMTV-c-myc/Bax-knockout transgenic mice, ascertain 

transgene expression (or lack thereof) using tail DNA biopsy, and establish study 
groups. 

Training and Research Accomplishments for Specific Aim #1 A : 

Two MMTV-c-myc males in the FVB background were obtained from the Charles River 
Laboratories (Wilmington, MA) in September 1998 and were used to develop a breeding colony 
of c-Myc transgenic mice through matings with normal FVB female mice under a current 
breeding license with DuPont Medical Products (Wilmington, DE). This particular breeding 
strategy is dictated by the fact that c-Myc female mice are nearly always incapable of nursing 
their young and subsequently the pups succumb to starvation or cannabalism. Ascertainment of 
the transgenic status of c-Myc mice is conducted using a convenient PCR-based strategy. 
Genomic DNA is obtained from Proteinase K /SDS-based digestion and phenol/chloroform 
extraction of tail biopsy material and is utilized in a PCR reaction with two MMTV-c-myc 
transgene-specific primers MMTV-Myc5’ primer as [5’-CCC AAG GCT TAA GTA AGT TTT 
TGG-3’] and MMTV-Myc3’ primer as [5’-GGG CAT AAG CAC AGA TAA AAC ACT-3’] 
and PCR Supermix. Transgene positive animals are identified by the resolution of a single band 
of approximately 880bp on a 1.0% agarose gel (Figure 1). 

Four breeding pairs of tetOP -bcl-Xi transgenic mice were obtained from the laboratory of 
Dr. Priscilla A. Furth (University of Maryland, Baltimore, MD) in April 1998 and were 
subsequently used to develop a breeding colony of Bc1-xl transgenic mice. Ascertainment of the 
transgenic status of Bc1-xl mice is conducted using a PCR-based strategy. The primers used in 
this reaction are BCLTG5 primer as [5’-GCA TTC AGT GAC CTG ACA TC-3’] and BCLTG3 
primer as [5’-CTG AAG AGT GAG CCC AGC AGA ACC-3’] and transgene positive animals 
are identified by the resolution of a single band of approximately 450bp (Figure 2). 

In the absence of reliability confirmation and with the delayed availability of the MMTV- 
tta transgenic mice, we have chosen to use the tetTA(tetOP-tfa)tetOP-/wc transgenic mouse for 
control of the tetO? -bcl-XL transgene. This transgenic mouse was developed as a self-inducing 
tetracycline-regulable system wherein the tetracycline transactivator protein (tTA) gene and the 
luciferase (luc) gene are expressed under the control of a minimal human cytomegalovirus 
(hCMV) promoter and a series of tandemly-repeated tetracycline responsive operons (tetOP) 
(Shockett et al., 1995). It should be noted that this system is a tet-OFF system; therefore, in the 
absence of the antibiotic tetracycline (or derivative doxycycline), constitutive expression of the 
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tTA drives the expression of transgenes possessing the tetOP elements. Two breeding pairs of 
tetTA(tetOP-/to)tetOP-/wc transgenic mice were obtained from the Jackson Laboratories (Bar 
Harbor, ME) in July 1998 and were subsequently used to develop a breeding colony of these 
animals. Ascertainment of the transgenic status of tTA mice is conducted using a PCR-based 
strategy. The primers used in this reaction are CMVF1 primer as [5’-TGA CCT CCA TAG 
AAG ACA CC-3’] and TTAREV1 primer as [5’-ATC TCA ATG GCT AAG GCG TC-3’] and 
transgene positive animals are identified by the resolution of a single band of approximately 
290bp (Figure 3). 

Following establishment of breeding colonies for each of these transgenic mice, tetOP- 
bcl-xi transgenic mice were mated with tetTA(tetOP-//«)tetOP-/«c resulting in animals in which 
the expression of Bc1-Xl should be constitutively present in nearly all tissues in the mice. 
Confirmation of Bc1-xl expression was achieved by Western blot analysis on a 10% reducing 
polyacrylamide gel using a Transduction Laboratories rabbit anti-human/mouse Bc1-xl primary 
antibody, an HRP-conjugated New England Biolabs goat anti-rabbit secondary antibody, and 
ECL Super Signal reagent from Pierce (Figure 4). Finally, female tetTA(tetOP-to)tetOP- 
luditVOY-bcl-xi bitransgenic mice were mated with male MMTV-c-wyc transgenic mice to yield 
an Fi study population. For tumor studies, females will be recruited into one of three groups: the 
virgin tumor group (15 mice per major genotype/5 mice per minor), the parous tumor group (10 
mice per major genotype), or the developmental group (2-3 mice per time period). The current 
status of transgenic animal generation and study group recruitment for the c-Myc/Bcl-x L cross is 
represented in Table 1. 

Training and Research Accomplishments for Specific Aim #1B : 

Two male and four female Bax-knockout mice were obtained from the laboratory of Dr. 
Priscilla A. Furth (University of Maryland, Baltimore, MD) in March 1998 and were 
subsequently used to develop a breeding colony of Bax-hemizygous and -nullizygous animals. 
Ascertainment of the transgenic status of Bax-knockout mice is conducted using a three primer, 
PCR-based strategy. The primers used in this reaction are BPR2 primer as [5’-GTT GAC CAG 
AGT GGC GTA GG-3’], MK1 primer as [5’-GAG CTG ATC AGA ACC ATC ATG-3’], and 
NPR2 primer as [5’-CCG CTT CCA TTG CTC AGC GG-3’]. Bax wild-type animals are 
identified by the presence of a single band of approximately 320bp, Bax-nullizygous animals are 
identified by the presence of a single band of approximately 600bp, and Bax-hemizygous 
animals are identified by the presence of both bands (indicative of a wild-type Bax allele and a 
disrupted Bax allele) (Figure 5). 

Since Bax-nullizygous males are infertile due a blockade of the spermatogenic process 
and an accumulation of premeiotic germ cells and therefore are not useful as breeders (Knudson 
et al., 1995) and these knockout mice are based on a C57B6/albino strain mixture, a two 
generation breeding strategy was employed to generate transgenic animals possessing c-Myc in 
the presence/absence of Bax. First, MMTV-c-wyc males were mated with Bax-nullizygous 
females to generate Fi generation MMTV-c-myc/Bax-hemizygous breeder males. Subsequently, 
these Fj breeder males were mated to Bax-nullizygous females to generate mice of all possible 
genotypes yielding an F 2 study population. For tumor studies, females will be recruited into one 
of three groups: the virgin tumor group (15 mice per major genotype/5 mice per minor), the 
parous tumor group (10 mice per major genotype), or the developmental group (2-3 mice per 
time period). The current status of transgenic animal generation and study group recruitment for 
the c-Myc/Bax-knockout cross is represented in Table 2. 
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II. Revised Specific Aim #2 : Evaluate alterations in mammary tumorigenesis and mammary 

development resulting from the cooperation of c-Myc and Bc1-xl and c-Myc and Bax- 

knockout. Months 22-36 

A. Specific Aim #2A : Follow Fi generation study animals (c-Myc/tTA/Bcl-XL cross) for 

tumor latency, incidence, multiplicity, growth kinetics, metastasis, and 
dependence upon parity. 

B. Specific Aim #2B : Follow F 2 generation study animals (c-Myc/Bax-knockout cross) 

for tumor latency, incidence, multiplicity, growth kinetics, metastasis, and 
dependence upon parity. 

C. Specific Aim #2C : Assess whether deregulated expression of c-Myc coupled with 

constitutive expression of Bcl-x L or loss of Bax results in abnormal mammary 
gland development. 

Training. Research Accomplishments, and Future Directions for Specific Aim #2A : 

The virgin tumor group of study animals will be followed until they develop mammary 
tumors or succumb to another illness. Animals will be examined three times a week for the 
development of mammary tumors and shall be sacrificed prior to tumor growth to 10% of animal 
body weight. Tumor onset and growth, as measure by calipers, will be determined starting from 
day 1 at birth and will be compared across all major (tTA/wt/wt, tTA/xi/wt, tTA/wt/myc, 
tTA/x L /myc) and minor (wt/wt/wt, wt/xi/wt, wt/wt/myc, wt/xi7myc) genotypes. Presence of 
metastasis will be determined initially by gross observation of organs at time of death or sacrifice 
and will be further assessed by serial sectioning of paraformaldehyde-fixed, paraffin-embedded, 
harvested organs (lungs, liver, spleen). 

The parous tumor group of study animals will be used to determine the influence of 
pregnancy and ovarian hormone stimulation on mammary tumor development. A total of ten 
animals of each major genotype (tTA/wt/wt, tTA/xi/wt, tTA/wt/myc, tTA/xi/myc) will be 
repetitively mated with FVB males starting at the age of 10 weeks and will be followed until 
they develop mammary tumors or succumb to another illness. All offspring of these parous 
females will be removed following either twenty-days of whelping or death of the entire litter. 
Examinations and measurements will be conducted in the aforementioned manner. 

Training. Research Accomplishments, and Future Directions for Specific Aim #2B : 

All examinations and measurements will be conducted as described in Specific Aim #2A 
with the major genotypes comprising (myc bax ! , myc bax +/ , myc bax 1 , and wt bax ) and the 
minor genotypes comprising (wt bax +/ ' and wt bax + + ). 

Training. Research Accomplishments, and Future Directions for Specific Aim #2C: 

The overall development of the mammary gland predominately occurs during the post¬ 
natal period with the exception of the formation of the mammary rudiment (anlage). Prior to the 
onset of puberty, mammary ductal expansion remains minimal; whereas, at the onset of puberty 
(approximately 4-5 weeks of age in mice), mammary ducts began to extend well into the 
mammary fat pads and branch out with the formation of highly proliferative terminal end bud 


12 



JAMERSON 


structures. At 10-12 weeks of age, the terminal end bud structures disappear and the majority of 
the mammary fat pad is filled with ducts. It is not until pregnancy and parturition occur that 
complete alveolar formation and mammary epithelial cell terminal differentiation is achieved 
(Robinson et al, 1995; Hennighausen et al ., 1998). 

Two to three female mice of each major genotype for both the c-Myc/tTA/Bcl-XL and c- 
Myc/Bax-knockout studies will be utilized to study the influence of these transgenes on 
mammary development. Mice will be sacrificed by CO 2 asphyxiation, mammary gland whole 
mounts will be prepared as per Amundadottir et al. (1995), and the remaining mammary tissue 
will be fixed in 4% paraformaldehyde, embedded in paraffin, and sectioned for histological and 
immunohistochemical analyses as described in Specific Aim #3. Mice for these development 
studies will be sacrificed at the following ages: 3, 6, 9, and 12 weeks, pregnancy day 7, 
pregnancy day 14, lactation day 1, lactation day 10, involution day 1, involution day 3, and 
involution day 10 (involution will be promoted by removal of pups at day 10 of lactation). 


III. Revised Specific Aim #3 : Evaluate transgene expression (or lack thereof), apoptosis and 

proliferation indices, and histology from transgenic animal tumors and normal mammary 
tissue. Months 34-42 

Training. Research Accomplishments, and Future Directions for Specific Aim #3 : 

Histological analysis will be conducted on 4% paraformaldehyde-fixed, paraffin- 
embedded, hematoxylin/eosin-stained mammary tumor and normal mammary gland tissues. 
Apoptotic indices for tumor, hyperplastic, and normal tissue will be evaluated using the terminal 
deoxynucleotide transferase-mediated digoxigenin-dUTP nick end labeling (TUNEL) method on 
paraformaldehyde-fixed, paraffin-embedded sections as per Trevigen (Liao et al., in press). 
Proliferation indices for tumor, hyperplastic, and normal tissue will be evaluated using PCNA 
immunohistochemistry with a mouse anti-PCNA antibody from Dako on paraformaldehyde- 
fixed, paraffin-embedded sections as per Shibata et al. (1999). 

Evaluation of transgene expression (or lack thereof) will be conducted using any and/or 
all of the following: immunohistochemistry on paraformaldehyde-fixed, paraffin-embedded 
tissue sections, in situ hybridization assay on paraformaldehyde-fixed, paraffin-embedded tissue 
sections, and Western blot analysis on mammary gland whole-cell lysates using cytokeratin 8 as 
a marker for mammary gland epithelial content (Amundadottir et al., 1995; Shibata et al., 1999; 
Rauh et al., 1999; Liao et al., in press) Antibodies for Western blot analysis are as follows: 
rabbit anti-human/mouse Bax (N-20), rabbit anti-human/mouse Bc1-xl/s (S-l 8), and rabbit anti¬ 
human/mouse c-Myc (C-19) from Santa Cruz. Antibodies for immunohistochemistry are as 
follows: rabbit anti-human/mouse Bax (N-20), rabbit anti-human/mouse Bc1-xl/s (S-18), and 
rabbit anti-human/mouse c-Myc (C-19) from Santa Cruz . 


IV. Revised Specific Aim #4 : Evaluate the growth factor dependence, growth inhibitor 
independence, apoptosis resistance, and tumorigenicity of cell lines derived from 
transgenic murine mammary tumors and mammary tissues. Months 42-48 
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Training, Research Accomplishments, and Future Directions for Specific Aim #4 : 

Cell lines will be developed from tumors and/or from non-tumorous mammary tissue 
from the transgenic study animals as per Amundadottir et al. (1995). Cell lines will be evaluated 
in vitro for proliferation and apoptotic end-points as determined by in vitro culture conditions 
and treatments with growth factors (TGFa, EGF, bFGF, IGF1), growth inhibitors (TGFP), and 
apoptosis-inducing treatments (TNF, anti-Fas). The tumorigenicity of these developed cell lines 
will then be assessed by subcutaneous injection of each cell line into female, athymic mice; all 
surgical procedures will be performed with recipient animals under metofane anesthesia. 

CONCLUSIONS: 

During this second year of work on Grant #DAMD 17-97-1-7110, the significant goal of 
generation of the relevant transgenic murine mammary tumor models has been achieved despite 
numerous initial setbacks involving animal availability, animal fecundity/sterility, and breeding 
scheme complexity. As presented in Figures 1 and 2, the majority of the necessary animals have 
been recruited to the virgin and parous study groups and the remainder of these animals should 
be generated in the course of the next few months. Work is also currently underway to establish 
whole-mount and immunohistochemical procedures for use on the established aims of this 
project. Additionally significant have been the numerous research-oriented skills that this 
principal investigator has acquired during the course of work on this grant, to include the 
following: mouse breeding and husbandry, animal surgical procedures, mouse embryo harvesting 
and DNA micro injection, transgenic mouse generation, PCR, cell and tissue culture, Western 
blot analysis, mammary gland whole mount preparation, tissue fixation and preparation, and 
immunohistochemistry. 
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FIGURE 1 


PCR Assessment of Mouse Genotype: c-Myc 

0X174 _84_85_86_ 87 88 

1353 

1078 

872 / ' "’ ''' 

603 

- + + 

Template : Mouse Tail DNA - P/C extraction 
Primers : myc2 = 5'-ggg cat aag cac aga taa aac act-3' 

mycl = 5'-ccc aag get taa gta agt ttt tgg-3' 
PCR: 95° 1:00/52° 1:00/ 72° 1:15 x 42 cycles 


FIGURE 2 


PCR Assessment of Mouse Genotype: Bcl-x L 


0X174 76 77 78 79 80 81 



Template : Mouse Tail DNA - P/C extraction 
Primers : bcltg3 = 5'-ctg aag agt gag ccc age aga acc-3' 

bcltg5 = 5'-gca ttc agt gac ctg aca tc-3' 

PCR: 95° 1:00 / 58° 1:00 / 72° 3:00 x 30 cycles 
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FIGURE 3 


PCR Assessment of Mouse Genotype: tTA-Luc 



Template : Mouse Tail DNA - P/C extraction 
Primers : cmvfl = 5'-tga cct cca tag aag aca cc-3' 

ttarevl = 5'-atc tea atg get aag geg tc-3' 
PCR: 94° 0:45/ 53° 0:45 / 72° 1:30 x 30 cycles 


FIGURE 4 

PCR Assessment of Mouse Genotype: Bax 

0X174 34 35 51 52 53 55 

872 

603 

310 

+A +/+ +/- 'A +A +A 

Mouse Tail DNA - P/C extraction 
bpr2 = 5'-gtt gac cag agt ggc gta gg-3' 
mkl = 5'-gag ctg ate aga acc ate atg-3' 
npr2 = 5'-ccg ett cca ttg etc age gg-3' 

94° 0:45 / 55° 1:30/72° 2:00 x 35 cycles 


Template : 

Primers : 

PCR: 


«-© 

«-® 
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FIGURE 5 

Directional Breeding Strategies: 
Confirmation of Tet System Activity #1 

•^tTA-Luc Mouse = 7 tetOP + A CMV Pr. + tet Transact. 
^tetOP-Lucif erase 

^system ON in absence of tetracycline 
«%tetOP-Bcl-x L Mouse = 7 tetOP + A CMV Pr. + hBcl-x L 



All virgin females without tetracycline treatment 
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TABLE 1 


MAJOR GENOTYPES / Virgin Group [15 mice per] 


tTA/xL/myc 

95h 

10i 

12i 

13i 

91 

991 

18m 

22m 

34n 

37n 

46q 

47q 

21s 

8t 

19t 

Age (d) 

230 

235 

234 

234 

168 

148 

748 

744 

725 

125 

77 

77 

47 

30 

35 

tTA/xL/wt 

99h 

li 

14i 

50i 

58i 

55j 

63k 

65k 

191 

89m 

63 o 

64o 

13r 

18r 

19r 

Age (d) 

236 

236 

234 

219 

219 

206 

179 

179 

708 

136 

103 

703 

02 

00 

00 

tTA/wt/myc 

lli 

52i 

57j 

66k 

15m 

58o 

20p 

23p 

33p 

58p 

62p 

62r 

64r 

20s 

25t 

Age (d) 

235 

219 

206 

179 

148 

105 

90 

90 

90 

83 

82 

49 

49 

47 

35 

tTA/wt/wt 

84h 

97h 

li 

8i 

51 i 

50j 

53j 

74j 

86j 

98j 

151 

29m 

8n 

76o 

80o 

Age (d) 

236 

236 

235 

235 

219 

206 

200 

790 

790 

190 

708 

744 

133 

700 

700 

MINOR GENOTYPES / Virgin Group 

[5 mice per] 







wt/xL/myc 

18i 

Al\ 

64j 

79j 

19p 











Age (d) 

232 

219 

190 

188 

90 











wt/xL/wt 

3i 

6i 

48i 

53i 

60p 











Age (d) 

236 

236 

219 

219 

83 











wt/wt/myc 

88h 

9i 

69k 

71k 

101 











Age (d) 

236 

235 

179 

179 

168 











wt/wt/wt 

94h 

96h 

2i 

56i 

25p 











Age (d) 

236 

236 

236 

219 

90 












MAJOR GENOTYPES / Parous Group [10 mice per] 


tTA/xL/myc 

(d) 

62t 

20 

tTA/xL/wt 

Age (d) 

33s 36u 

42 8 

tTA/wt/myc 

Age (d) 



tTA/wt/wt 

Age (d) 

52q 16r lOt lit 16t 30t 34t 60t 

77 58 35 35 35 34 32 26 
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TABLE 2 


MAJOR GENOTYPES / Virgin Group [15 mice per] 


myc 

bax -/- 

U 

nj 

12j 

20j 

2 lj 

29j 

37k 

38k 

39k 

97k 

431 

651 

64m 

89n 

10o 


Age (d) 

212 

205 

205 

205 

205 

205 

176 

176 

176 

165 

156 

151 

136 

114 

114 

myc 

bax +/- 

24i 

69i 

82 i 

84i 

93 i 

94i 

2j 

19j 

35j 

36j 

39j 

61j 

6k 

43k 

47k 


Age (d) 

222 

212 

212 

212 

212 

212 

212 

205 

205 

205 

205 

193 

184 

176 

176 

myc 

bax +/+ 

15j 

34j 

37j 

38j 

83k 

41 

58m 

55n 

73n 

81n 

34o 

35o 

90o 

12p 

92p 


Age (d) 

205 

205 

205 

205 

165 

165 

136 

122 

119 

115 

115 

115 

92 

91 

77 


Wt bax -/- 89 i 90i 91 i 31j 81k 271 441 lip 42r 51r 58r 60s 61s 81s 94s 

Age (d) 212 212 212 205 165 162 156 91 51 51 45 35 35 32 32 

MINOR GENOTYPES / Virgin Group [5 mice per]_ 


wt bax +/- 

23 i 

28i 

30i 

5j 

47p 

Age (d) 

222 

222 

222 

212 

53 

wt bax +/+ 

27i 

31i 

771 

96i 

24j 

Age (d) 

222 

222 

212 

272 

205 


MAJOR GENOTYPES / Parous Group [10 mice per] 

myc bax -/- 45n 96o 71p 72p 81p 88p Th 43r 54r 81r 

Age (d) 122 92 79 79 78 77 53 51 45 44 

myc bax +/- 47n 54n 76n 82n 73p 79p 83p 90p 22q 65q 

Age (d) 122 122 118 115 79 79 78 77 74 69 

myc bax +/+ 21q^ 67q 52r 53r 4s 43s 46s 64s 83s 97s 

Age (d) 74 69 51 51 43 37 36 35 32 32 

Wt bax -/- 22u 23u _ 

Age (d) 7 7 
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APPENDIX A 

KEY RESEARCH ACCOMPLISHMENTS for GRANT DAMD17-97-1-7110: 

□ Development of effective breeding strategies for the generation of the two transgenic models 

(c-Myc/tTA/Bcl-XL and c-Myc/Bax-knockout) 

□ Optimization of PCR-based assays for c-Myc, Bcl-x L , and tTA transgenic and Bax-knockout 

mouse genotyping 

□ Confirmation of Bc1-xl expression in mammary gland whole cell lysates in tetOP-t/a/tetOP- 

bcl-xi bitransgenic mice 

□ Establishment of mammary gland whole-mount procedure for assessment of transgene- 

induced alterations in mammary gland development 

□ Recruitment of all virgin tumor group animals, both major and minor genotypes, for both 

transgenic murine mammary tumor models 

□ Recruitment of 80% of all parous tumor group animals for the c-Myc/Bax-knockout 

transgenic model (approximately 45% have reached 10 weeks of age) 

□ Recruitment of nearly 28% of all parous tumor group animals for the c-Myc/tTA/Bcl-XL 

transgenic model (approximately 5% have reached 10 weeks of age) 
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APPENDIX B 

REPORTABLE OUTCOMES LIST for GRANT DAMD17-97-1-7110: 

Accepted Manuscript : 

1. Jamerson MH, Johnson MD and Dickson RB. Dual Regulation of Proliferation and 

Apoptosis: c -Myc in Bitransgenic Murine Mammary Tumor Models. Oncogene, “paper 
in press.” 

□ Copy of Galley Proof Attached following this page 
Abstract Presentation : 

1. Jamerson MH, Johnson MD and Dickson RB. Cooperation of c-Myc, Bcl-x L , and Bax- 
Knockout in Mammary Tumorigenesis. Lombardi Cancer Center Research Days. 
February 1999. 

□ Copy of Abstract Attached following this page 
Informatics - Animals Models : 

1. Generated triple transgenic murine model: tetTA(tetOP-to)tetOP-/wc / tetOP -bcl-xi / MMTV- 

c -myc 

2. Generated transgenic / knockout murine model: MMTV-c-wiyc / Bax-Knockout 
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APPENDIX C : 

Abstract#! : Jamerson MH, Johnson MD and Dickson RE. Cooperation of c-Myc, Bc1-Xl, and 

Bax-Knockout in Mammary Tumorigenesis. Lombardi Cancer Center Research Days. 

February 1999. 

c-Myc oncogene has been reported to be amplified in 25-30% of human breast cancers 
and overexpressed in more than 70% of human breast cancers. Analysis in vitro has 
demonstrated that c-Myc is involved in signaling for cell proliferation and apoptosis. The Bc1-xl 
protein, an anti-apoptotic member of the Bcl-2 apoptosis-modulatory protein family, is known to 
block apoptotic cell death under a wide variety of conditions and has been shown to be 
overexpressed in some human breast cancers and breast cancer cell lines. The Bax protein, a 
pro-apoptotic member of the Bcl-2 protein family, is known to contribute to cellular vulnerability 
to apoptosis, has been demonstrated to possess a tumor suppressor-like function in human 
tumors, and has been shown to be weakly expressed or absent in human breast cancers and breast 
cancer cell lines. 

Evidence from a c-Myc/TGFa bitransgenic mouse model suggests that escape from c- 
Myc-induced apoptosis may be necessary for continued cell cycle progression and neoplastic 
development. The focus of these studies is to determine if there is a synergism between 
deregulated c-Myc expression and loss/diminution of apoptosis in mouse mammary 
tumorigenesis. We hypothesize that the constitutive expression of c-Myc and Bc1-Xl will 
facilitate mammary tumorigenesis as a result of Bc1-Xl blockade of c-Myc-induced apoptosis and 
not c-Myc-mediated cell cycle progression. It is further predicted that the constitutive expression 
of c-Myc in a Bax-null background will also facilitate mammary tumorigenesis due to a 
disruption of the c-Myc-induced apoptotic pathways. 

Work to date in support of this project includes the following: the establishment and 
optimization of PCR-based procedures for the identification of mouse transgenic status, the 
establishment of breeding colonies of c-Myc, tTA-Luc, and tetOP-Bcl-x L transgenic animals and 
Bax-knockout animals, the evaluation and solution of breeding and nursing problems, and the 
establishment of a breeding program to achieve sufficient numbers of bitransgenic and control 
animals for study. Recent progress and current work is focused on the generation of additional 
strategies for these breeding experiments and involves the production of another Bc1-xl 
transgenic mouse model without tetracycline regulatory elements. Furthermore, we are pursuing 
the creation of c-Myc and Bc1-xl retroviruses for use in the establishment of bitransgenic 
mammary glands. 
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Recent progress in the study of c-Myc has convincingly 
demonstrated that it possesses a dual role in regulating 
both proliferation and apoptosis; however, the manner in 
which c-Myc influences these cellular response pathways 
remains incompletely characterized. Deregulation of c- 
Myc expressi on, via multiple mechanisms, is a common 
feature of (Suiting cancers and is an especially 
^ prominent feature of many breast cancers. Of significant 
interest to those who study mammary gland development 
and neoplasia is the unresolved nature and contribution 
of apoptosis to breast tumorigenesis. Recently, the use of 
transgenic mice and gene-knockout mice has allowed 
investigators to evaluate the pathological mec hanisms by 
which different genes influence tumor development and 
progression. In this review, we address two distinct c- 
-containing bitransgenic murine mammary tumor 
models and discuss the contribution and possible future 
directions for resolution of cancer-relevant molecular 
pathways influenced by c-Myc. 

Keywords: transgenic mice: mammary gland; c-myc; 
TGFa; p53 


Introduction 

The use of transgenic mice and mice bearing targeted 
gene disruptions (knockout mice) has given rise to 
current paradigms for the mechanistic evaluation of 
processes relevant to both physiology (e.g., embryogen- 
esis, growth control and differentiation, morphogen¬ 
esis) and pathology (e.g., neurodegenerativc disease, 
hypertension, rheumatoid arthritis, neoplasia). Over 20 
years ago, the combination of murine embryo culture 
with the techniques of reimplantation, DNA micro- 
injcction, and mammalian retrovirus manipulation 
resulted in the generation of the first transgenic mice. 
These animals were produced by embryo infection and 
microinjection methodologies (Brinstcr, 1972; Jaenisch, 
1976; Gordon el al, 1980). Three years later, the first 
example of a tissue-specific transgenic animal was 
published (Ig* gene expression in murine spleen), thus 
establishing the refined capacity for examining 
exogenous gene expression in models with greater in 
vivo relevance (Brinster et a/., 1983). Then, in 1984, the 
first transgenic animal was generated for the purpose 
of evaluating the relevance of a cellular proto- 
oncogcnc, c -myc, to mammary development and 


r<?PlV* 
with 
rrvanu 


tumorigenesis (Stewart et al M 1984). Subsequently, a 
burgeoning field of mammary-specific transgenic 
murine models has been generated and characterized, 
greatly advancing our understanding of the molecular 
basis for the contribution of growth factors, oncogenes 
and tumor suppressor genes to the pathogenesis of 


breast cancer. 

In this review, wc will address two different c -myc- 
containingEitransgenic murine models ( c-mycltgfu and 


c -myc/p5$zj) t* 1 * 1 our (Amundadottir et al, 

1995; McCormack et al, 1998) and two other groups ^ 

(Elson et al 1995; Sandgren et al> 1995) have JtsaM 

generated. Wc shall also discuss the contributions (>*. 

these models have made to our understanding of , / 

breast cancer and of molecular pathways that are / 


influenced by the c-wyc oncogene. 


omyc oncogene , the tnammae and breast cancer 

c-Myc is a 439-amino acid nuclear transcription factor 
that interacts with DNA when heterodimerized with 
the Max protein. This hcterodimcri 2 auon is required 
for c-Myc-mediated cell cycle progression, transforma¬ 
tion, and apoptosis, and is facilitated via C-terminal 
leucine zipper and basic helix-loop-helix motifs 
(Harrington et al ., 1994; Packham ei al 1995). c- 
Myc has been demonstrated to contribute to a number 
of important cellular functions, including cell cycle 
progression, apoptosis and DNA anabolism. In 
addition, c-Myc plays a role in cellular transformation 
via both transcriptional upregulation and transcrip¬ 
tional repression of target genes. The former occurs 
through established E-box or other less well-defined 
promoter elements, while the latter is most likely 
mediated through initiator elements or in conjunction 
with other transcriptional modulators such as AP-2 
and C/EBP (Facchini et al , 1998; Dang, 1999). The 
Dual Signal model, as proposed by Gerard Evan, 
suggests that induction of apoptosis is an obligate 
function of c -myc expression and acts as a potent 
mechanism for the suppression of tumorigenesis (Evan 
et al, 1993). c-Myc expression, coupled with any block 
to cellular proliferation, such as growth arrest caused 
by serum or growth factor deprivation, has been 
demonstrated in fibroblasts to result in apoptosis, 
independent of cell cycle phase (Evan et al, 1992). 
However, this does not occur in benzo{a]pyrene- 
immortalized human mammary epithelial cells 
(MECs) transfected with c-myc and deprived of 
epidermal growth factor (EGF) (Nass et al., 1998). 
Instead, these cells arrest in the Gl phase of the cell 
cycle and do not undergo apoptosis. 

c-Myc expression is increased in the normal 
mammary gland during prcgnancy-rclated prolifera- 
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lion, it is absent in differentiated mammary alveolar 
cells during lactation, and it is again increased dunng 
the normal apoptotic mamm ary involution process 
(Strange et al., 1992). oMyc is believed to be a nuclear 
mediator of mitogenic signals incident upon cells from 
various receptor systems and is contributory to, but 
not sufficient for, mammary epithelial cell transforma¬ 
tion (Leder et al., 1986; Telang et aL, 1990) 
Constitutive expression of Q-myc has been sh °^ r to 
partially transform both mouse and human MECs, 
such that they grow in soft agar in response to EGr 
and transforming growth factor a (TGFoc) (anchorage- 
independent growth), and are no longer as dependent 
upon these growth factors for anchorage-dependent 
growth as are the parental, non-transfected cells 
(Telang et al., 1990; Valverius ex al., 1990). Further¬ 
more, deregulated expression of Q-myc, via multiple 
mechanisms, including translocation, proviral insertion, 
gene amplification, point mutation, and direct tran¬ 
scriptional effects, is a common feature of many human 
cancers (including breast, lung, liver and colon), and is 
thought to contribute to cellular proliferation and 
transformation when apoptosis is suppressed (Evan et 
al:, 1992; Santoni-Rugiu e: al., 1998; Dang, 1999). In 
human breast cancers, Q-myc is amplified in approxi¬ 
mately 16%, rearranged in approximately 5 /«, and 
overexpressed in the absence of gross locus alteration 
in nearly 70% of all cases, thus suggesting us 
importance in the genesis and/or progression of breast 
cancer (Nass ei al., 1997; Deming et al., 1999). 

Three groups have independently developed trans¬ 
genic mice that express the c -myc oncogene in a 
mammary-associated (MMTV-c-myc) or mammary- 
specific (WAP-c-myc) context (Stewart el al., 1984; 
Schoenenbergcr et al., 1988; Sandgren et al., 1995). In 
addition to these c -myc transgenic animals, another 
group has developed a mouse model, using a m amm a r y 
tissue reconstitution method, in which the \-myc 
oncogene is expressed by a retrovirus throughout the 
reconstituted mammae (Edwards et al, 1988). Both 
groups that have generated WAP-c-myc transgenic 
mice have reported a high incidence of mammary 
tumors; Schoenenberger described the tumors as 
adenocarcinomas, while Sandgren described them as 
solid carcinomas. In both cases, tumor incidence 
approached 100% in multiparous animals, with all 
virgin animals remaining tumor-free over the observa¬ 
tion period (to 14 months of age). Additionally, both 
groups reported the expression of the c -myc transgene 
in both neoplastic mammary tissue as well as in 
mammary tissue from normal female mice during the 
latter part of pregnancy and throughout lactation 
(Schoenenberger et al 1988; Sandgren et al, 1995). 
These findings are as expected owing to the temporal 
window for the hormone-driven activity of the whey 
acid protein (WAP) gene promoter. Stewart et al, 
(1984) reported the presence of mammary adenocarci¬ 
nomas in 100% of multiparous FI female transgenic 
mice derived from founder 141-3 in which the munne 
mammary tumor vims long terminal repeat (MMTV- 
LTR) had been placed immediately upstream of the 
mouse c-mvc locus containing all three exons. 
Interestingly, WAP-c-myc and MMTV-c-myc female 
transgenic mice display lengthy tumor latencies and 
exquisite dependence upon pregnancy for tumor 
development, suggestive not only of the contribution 


but also of the insufficiency of c -myc in mammary 
tumorigenesis. 

Transforming growth factor %> the mammae and breast 
cancer 

TGFoc is a secreted, 50-amino acid glycoprotein, 
derived from an active, membrane-bound 160-amino 
acid precursor. TGFoc demonstrates a high level of 
homology (-42%) with EGF (Martinez-Lacaci et al, 
1999) and both molecules bind the epidermal growth 
factor receptor (EGFR) with high affinity. The growth 
factor family to which TGFoc and EGF belong is now 
known to contain about 15 mammalian genes 
(Martinez-Lacaci er al 1999). TGFoc binding to 
EGFR (also termed c-ErbBl) has been demonstrated 
to result in receptor homodimerization as well as 
heterodimerization between c-ErbBl and c-ErbB2, c- 
ErbB3 and/or c-ErbB4, when present. Receptor 
dimerization leads to receptor autophosphorylation 
and activation of downstream signalling pathways 
including p42/p44 MAPK, JNK/SAPK, PI3K, PLC 
and cAMP/PKA (Dickson and Lippman 1995; Siegel 
et al., 1998; Martinez-Lacaci et al., 1999). TGF* is 
expressed in normal murine mammae within the basal 
cells of the epithelium and the terminal cells of the end 
buds (Snedeker et al., 1991 ; Martinez-Lacaci et al., 
1999). It is also present in murine and human mammae 
during pregnancy (Liscia et al., 1990) and has been 
demonstrated to have similar growth effects upon 
human and murine mammary epithelial cells in vitro 
(Salomon et al., 1987; Bates et al., (f98&> Valverius et , 
a/., 1989). Exogenous TGFoc expression has also been 
reported to contribute to the transformation of murine 
MECs that have been previously immortalized, 
suggesting that growth factor expression can coop¬ 
erate with other established genetic alterations in 
mammary tissue in transforming pathways (Shankar 
et al , 1989; McGeady et aL 19|9. Early evidence 
demonstrated increased TGFa expression in mammary 
rumors versus normal mammary gland (Derynck et at., 
1987; Arteaga et al. 7 1988; Bates er a/., 1988; Travers et 
al 1988); however, the current paradigm for EGF 
family growth factor participation in breast cancer also 
involves the establishment of a pro-suryjval, pro- 
proliferative, autocrine stimulatory loop with EGFR. 
The EGFR has also been found to be overexpressed 
with or without gene amplification in approximately 
50% of breast cancers (Harris et al 1988; Dickson ei 
al , 1995; Dahiya et al, 1998; Martinez-Lacaci et al, 
1999, De Luca et al L, 1999). 

Three groups have independently developed trans¬ 
genic mouse models in which the TGFa growth factor 
is expressed in a metal ion-inducible, general tissue 
context (MTl-<g/a) (Sandgren et al 1990; Jhappan et 
al, 1990), a mammary-associated context (MMTV- 
tefet) (Matsui et al ., 1990), or a mammary-specific 
context (WAP-rg/fe) (Sandgren et al, 1995). The two 
groups that generated MTl-/g/a transgenic mice used 
rat and human tgfa under the control of the heavy- 
metal inducible murine metallothionein (MT) promo¬ 
ter. Each group reported that TGFoc expression 
significantly influenced mammary gland development 
and MEC proliferation as examined using mammary 
gland whole mounts. In addition, TGFot expression 
contributed to mammary alveolar hyperplasia and 
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mammary adenocarcinoma in multiparous female 
transgenic mice (Sandgren et al., 1990; Jhappan et 
al. , 1990). MMTV-LTR-driven expression of the tgfa 
transgene was also shown to contribute to mamm ary 
alveolar hyperplasia in virgin female mice and to 
mammary adenocarcinoma in multiparous female mice. 
Furthermore, TGFa protein expression was confirmed 
and a TGFa/EGFR autocrine loop was suspected due 
to. the increased presence of EGFR mRNA in areas of 
increased expression of the transgene (Matsui et al., 
1990) Finally, results from the characterization of the 
WAP -tgfa transgenic model suggest that constitutive 
tgfoi expression accelerates mammary development, 
impedes apoptotic involution, and contributes to 
mammary transformation by acting as a survival 
factor for differentiated murine MECs (Sandgren et 
al, 1995). Significantly, the requirement fa^uggnancy 
>and the extended tumorjatency forCgff&yTGFa 
transgenic models illustrated) that TGFa is nkely to 
be incapable of serving as the sole cause of mammary 
, cancers. Rather, TGFa overexpression is likely to be 

tO?fh one promotional step along a multistep oncogenic 
w . Therefore, it is particularly interesting that 
the tumorigenicity of cancer cell lines (liver) bas been 
associated with the dual overexpression of tgfa and c- 
myc, suggesting a possible cooperativity between (me) 
Ct/* two genes (Lee et al., 1991). 

MMTV-c-myc/MT-ttfa and WAP-c-mycjWAP-igfa 
bitransgenic mice 

The MMTV-c-^c/MMTV-v^fl-rflj cross generated in 
1987 was the first c-myc-containing bitransgenic mouse 
(Sinn et al, 1987). Characterization of this bitransgenic 
mouse model demonstrated that deregulated c-myc 
expression synergized with deregulated v-Jfd-ras 
expression to both accelerate mammary tumorigenesis 
and abrogate the requirement for pregnancy in this 
process. Interestingly, mammary tumors were demon¬ 
strated in both virgin female and male bitransgenic 
mice, despite a further delay in tumor onset in males of 
nearly 2 months. Eight years later, our group and 
another group reported the generation and character¬ 
ization of mice bitransgenic for c -myc and tgfa, lending 
support to the notion that signalling through the 
EGFR and/or activation of Ras could synergize with 
deregulated c -myc expression in mammary tumorigenic 
processes (Amundadonir et al , 1995; Sandgren et al, 
1995). The MMTV-c-myc/MT-rg/a bitransgenic mice 
from our laboratory develop multiple mammary 
adenocarcinomas with a much reduced latency, and 
do so in the absence of any requirement for pregnancy 
or ovarian hormone stimulation. These mammary 
adenocarcinomas grew without requirement for estro¬ 
gen (Le. # without delayed tumor growth in ovariecto- 
mized biiransgenic female mice) despite being estrogen 
receptor positive, as shown by estrogen receptor 
ligand-binding assay. Furthermore, histological evalua¬ 
tion of mammary gland tissue from both female and 
male animals as young as 5 weeks of age evidenced 
both hyperplastic and neoplastic changes in areas of 
transgene co-expression (Amundadottir et al 1995). 
The complete absence of normal mammary tissue in 
bitransgenic animals and the ability of bitransgenic 
mammary tissue from 3 week-old mice to form tumors 
in a thymic mice suggest that these two important. 


mammary gland-relevant genes (c -myc and tgfa) are 
capable of synergistically transforming the mammary 
epithelium, apparently requiring minim al, if any, 
additional genetic alterations (Amundadonir et al , 
1995,1996a). These studies also demonstrated that c- 
myc and tgfa are capable of further cooperation to 
drive hyperplastic and neoplastic changes in the murine 
salivary glands. This was not seen in single transgenic 
animals carrying c-myc or tgfa (Amundadottir et al, 

1995). Characterization of the WAP-c-wyc/W AP-tgfu 
bitransgenic model confirmed the potent synergy of 
these two genes in promoting and accelerating 
mammary tumor formation, when compared with the 
relevant single transgenic animals. Furthermore, the 
power of this cooperative interaction between c-myc 
and tgfa is demonstrated in both our model and the 
WAP-based model since both male and virgin female 
bitransgenic animals develop mammary tumors 
(Amundadottir et al, 1995; Sandgren et al, 1995). 

The WAP promoter utilized in the latter study to drive 
the expression of the c-myc and tgfa transgenes is often 
presumed to drive transgene expression only in the 
latter part of pregnancy and throughout lactation and 
involution. However, the presence of m amm ary tumors 
in male and virgin female bitransgenics suggests that 
the MMTV and WAP promoters may be slightly 
‘leaky*, in the sense that minimal transgene expression 
may still occur even in the absence of ovarian hormone 
stimulation^ ^ or rr/irv/Yv^il actvsTiTU ivnoai 

Subsequent work in our laboratory with single . 

transgenic mice, c-myc/tgfa bitransgenic mice, and cell preset 
lines derived from transgenic mouse mammary tumors, 

„ has led to the hypothesis that TGFa can cooperate 
with c-Myc in promoting cell cycle progression and can 
act to suppress c-Myc-induced apoptosis (Amunda- 
dottir et al, 1996b; Nass et al, 1996,1998). Our results, 
together with those from another group, have 
suggested that transformation, maintenance of trans¬ 
formation, and suppression of apoptosis in c-myc- 
overexpressing mammary tumor cell lines derived from 
transgenic animals may require signalling through the 
p42/p44 MAPK and PI3K pathways, both of which 
are targets of the activated EGFR (Amundadottir et 
al, 1998; Wang et al., 1999). 7n situ end labeling 
apoptosis assays (TTJNEL staining) in paraffin- 
embedded mammary tumor sections from transgenic 
animals indicated the presence of apoptotic mammary 
cells in c-myc transgenic tumors and their near absence 
in tumors from the tgfa and c-myc/tgfa transgenic mice 
(Amundadottir et al, 1996b). Data from our tumor cell 
lines indicate that coexpression of c-myc and tgfa 
results in increased cell proliferation under anchorage- 
dependent and anchorage-independent conditions, a 
reduced requirement for exogenous growth factor 
stimulation, and greatly decreased apoptosis. This 
protection from apoptosis is abrogated when EGFR 
signalling is blocked by addition of PD 153035-a 
specific, synthetic EGFR tyrosine kinase inhibitor. 
Furthermore, the myc83 cell line, and an additional 
five other cell lines derived from mammary tumors in 
c -myc transgenic mice, were signi ficantly more apopto- 
tic than cell lines derived from( T^a^ancl c -myc/igfa) 
bitransgenic mammary tumors. The frequency of 
apoptotic cells could be considerably suppressed by — 
the addition of exogenous TGFa or EGF. Conversely, 
apoptosis was considerably accentuated when EGFR 4£. 
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4 signalling was blocked via PD153035. This augmenta- 
tion of apoptosis was sensitive to reversal by addition 
of the survival factor basic fibroblast growth factor 
fbFGF), which interacts with its own specific family o 
receptors, and does not associate with EGFR 
(Amundadottir ex al, 1996b). , ' 

Molecular characterization of apoptosis in c-myc- 
overexpressing murine MECs derived from the 
MMTV-c-myc transgenic mice led to the recognition 
that BcI-Xl, an anti-apoptotic member of the Bcl-2 - 
family of apoptosis regulatory proteins, is a luceiy 
mediior of TGFa aod EGF-directtd 
against c-myc-driveo apoptosis. Bcl-Xu rnRNA an 
protein levels were elevated with TGFoc or EGF 
treatment of these c-myc-expressmg cell lines, ana 
expression of this anti-apoptotic molecule w “ 
nificantly diminished with growth factor removal, 
TGF* treatment, or PD153035 treatment In addi¬ 
tion, levels of Bax (a pro-apoptouc Bcl-2 famdy 
member) and p53 appeared relatively high and 
unchanged, while Bcl-2 and Bcl-x* (another pro- 
apoptotic Bcl-2 family member) levels remained low 
or undetectable with these aforementioned treatments 
(Nass et al, 1996). The work in our laboratory has led 
~ to the following models for the cooperation betweenic- 

03 Myc and TGFa in proliferation and apoptosis m the 

IkAA mouse mammary gland: First, with respect to 
, proliferation, deregulated c-Myc may dnve ceflutar 

0-^01 o FZ > proliferation by upregulatingQcyclm E, cdc25A 
pl^ph^-^EosSKStase, and CAk-activaEng partner cdk7, and 
1 by lowering p27 levels resulting in cdk2 activation. In 

'-—contrast, TGFa overexpression leads to the induction 

(I 5 ?) A<W of cyclin D1 and, subsequently, the activation of cdk4/ 
,aj, b.^The combination of these two effects may further 
"Seregulate the cell cycle. Second, with respect to 
T apoptosis, deregulated c -myc expression may promote 
'^TDTrr^r^ apoptosis by directly inducing p53 expression, and by 

c ™ directly or indirectly inducing Bax expression. Bax has 

/f7) been shown to be directly responsive to pS3 and also .to 
\Li\ be a potential target far c-Mvc induction becauseyour 
^ -hexes arr located in the Bax p romoter/5 -UTK^ 
^ 4 -l - (Miyashita « »l, 1995). At present, there is no 
-0—published evidence that c-Myc functions through these 
dements to induce Bax expression. As previously 
i£Ji- mentioned, TGFa appears to activate cdlular survival 
E-bexe? pathways and induce the expression of the anti- 
ZT ^apopmac protein Bcl-Xu (Nass et al., 1996). This 
l 4t-^-^work, combined with results from the characterization 
jIsOU . 0 f MMTV-c-myc/WAP-bcl-2 bitransgenic mice, 

Dfon\s>te(/ strongly suggests that mammary tumorigenesis 
' ,_.[7 significantly increased when deregulated c-myc expres- 

2 s j on responsible both for driving cellular proliferation 

as well as increasing cellular sensitivity to apoptosis, is 
coupled with other genetic alterations that act as 
survival signals to block c-myc-mediated apoptouc 
pathways. In this latter study, bcl-2 expression 
accelerated mammary tumorigenesis and suppressed 
in vivo mammary tumor apoptosis (Jager et al. , 1997). 

p53 tumor suppressor gene, the mammae and breast 
cancer 

p53 is a 393-amino acid nuclear phosphoprotein 
transcription factor known to bind DNA upon 
- stabilization induced by cell cycle checkpoint controls. 
p 53 transaciivation increases the expression of genes 
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involved in such distinct processes as apoptosis, DNA C3U 
repair, and cell cycle airest (Evan et al., 1998; El-Deity, 

1998). p53 has often been termed the ‘guardian of , l A \ 

genome’ owing to the fact that it plays such a ^ 

role as a tumor suppressor by orchestrating cell cycle arf cST 
and DNA repair upon recognition of certain levels ot ■ 

DNA damage. Cell cycle inhibitory activities arc 
believed to be controlled by p 53 -dependent transcnp- 
tional activation of genes, including p21/WAFl/Cl±'l, 

14-3-3a and GADD45. In addition to its role m DNA 
damage recognition, the p53 tumor suppressor has also 
been linked to the recognition of oncogene activation 
(c-myc and adenovirus E1A), subsequently resulting m 
apoptosis induction via a pathway that includes ARE 
and MDM2 (Zindy et al., 1998; de Stanchina, er al., 

1998; Sherr, 1998). p53 is capable of promoting 
apoptosis upon recognition of severe, irreparable 
DNA damage, DNA damage in the context of other 
environmental conditions unfavorable for maintenance 
of genomic integrity, and abnormal cellular prolifera¬ 
tion as driven by oncogene activation. Thus far, po3- 
dependent apoptosis has been demonstrated to result 
from the transcriptional activation of genes, including 
Bax, Fas/Apol/CD95, and DRS Trail receptor, and 
from transcriptional repression of the anti-apoptotic 
gene Bcl-2 (Canman « al, 1997; El-Deiiy, 1998). 

Little information exists concerning the expression 
pattern for wild-type p53 during development in either 
human or murine mammary glands. One study 
indicates that p53 mRNA is expressed during 
pregnancy and involution, but not during lactation 
(Strange et al., 1992). Another study, however, suggests 
that the complete absence of pS3 expression does not 
alter the histological or functional development of the 
mammae in mice, since p53~'~ mice remain capable of 
locution (Donehower et al., 1992). As regards the role 
of p53 in mammary apoptosis, both p53-dependentand 
p53-indepcndent apoptosis have been demonstrated in 
cultured MECs (Merlo et al., 1995). In mice, one study 
has indicated that post-lactational mammary involu- 
’ tion and apoptosis proceed normally without regard 
for p53 status (Li et al, 1996); whereas, another study 
has demonstrated that the first phase of mammary 
involution is delayed in p53-null animals (Jerry el al., 

1998) 

The pS3 tumor suppressor is one of the most 
frequently altered genes in a wide variety of human 
cancers, including breast cancer (Donehower e/ al., 

1993). Breast cancer, along with sarcomas, brain 
tumors, leukemias and adrenal cortical tumors, is 
common among women with Li-Fraumeni Syndrome, 
a disorder linked to germline mutations in the p53 
locus (Eeles ei al., 1993). Furthermore, j»i gene 
mutations have been identified in approximately 17 /o 
of all human breast cancers (Dahiya and Deng, 1998). 

To date, results in the mammary glands of murine p53- 
knockout animals have been somewhat discordant with 
expectations based on Li-Fraumeni Syndrome. Spcci- 
finally, non-mammary gland tumors, such as lympho¬ 
mas, rapidly arise in p53-knockout animals, suggesting 
that p53 is not of predominant importance in murine 
mammary rumor development (Donehower et al. t 1992, 

Harvey ei al ,, 1993; Purdie era/., 1994). More recent 
investigations of human breast cancer-relevant p53 
missense mutations expressed in transgenic models (Li 
et al , 1998) and wtl transgenic/^J-knockout murine 
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models (Donehower et al., 1995; Jones el al., 1997) 
indicate thai p 53 alteration can be contributory to 
mammary tumorigenesis m some orcumstances. lt 
possible that the lack of agreement concerning th e role 
of p53 loss in murine models of cancer and human 

breast cancer results from interspecies differences from 
the modulation of tumorigenesis by mu " nc str "” 
differences, from other transgenes amed mtoe 
background, and from the particular p53 geneuc 
knockouts and mutations modeled in these mice. The 
latter difference may be most significant, sjnee the 
mammary mmorigenic effects noted m the study of the 
p53-172R/H mutant-transgenic mouse resulted fram 
die rational modeling of a specific human breast 
cancer-relevant p53 alteration (Li et al., 1998). 


M'MTV-c-myc/pS'^D transgenic mice 

_ _- . _mnrlple MM*! 
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rf i * t- logs two transgenic models with a mammary- 
^ targeted' onigene (MMTV-wnU or MMTV-c -myc) 
be and p33 deficiency were established to determine 

+/“ whether or not deficiencies in the tumor suppressor 
p53 could cooperate with deregulated expression of 
Wntl or c-Myc to alter tumonjenesis in mammary 
tissues (Donehower et al., 1995; Elson er a/., 1995)- ^. 
cooperative effect was indeed observed between Wntl 
... and p53 deficiency, as mammary tumors in the 
^ . MMTV-wif 1 Ip53"'~ mice arose sooner and had a 

. b * significantly higher degree of j^^osoi^lnn^tabairy 
— (j|)-*ihan_those of MMTV-i*7irl/po/H3)and MMTV / 
i- animals (Donehower et al 1995). In the 

/ + MMTV-c-myc model, animals with p53 disruption 

rapidly developed lethal lymphomas, indicating that 
c-myc and mutant p53 had a cooperative effect 
terms of increasing the incidence and accelerating the 
rL /, onset of T-cell lymphomas. However, p53 disruption 
S rpf** failed to influence the mammary adenocarcinoma 
phenotype of the MMTV-c-myc animals. In those 
jV ,fy) MMTV-c-myc/p5tizD female mice that surv'vcdtheir 
7 ^lymphomas long enough to acquire mammaty 
' tumors, there was no identifiable alteration in tumo 
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Recently, our group generated uans ^! ) C - 
which the mammary-targeted c-myc oncogene as 
expressed in the presence of a targeted dtsrupnon of 
the p53 tumor suppressor gene (McCormack et al., 

1998) Although our results indicated that disiupnon of 
pS3 may contribute to alveolar hyperplastic changes in 
die virgfii female transgenic mouse, they faffed to show 

Sr errata. !«*»■ W “ d P 53 £ 

mammary tumorigenesis, since no alterations 
latency, histology, or apoptosis were observed between 
c-myc-induced mammary tumors in finals i* _ 
without disrupted p53 (McCormack et al., 1 )- 

determine whether or not disruption ° f ^f C0U J 
influence c-myc-induced chromosomal instability m 

mammary tumors from these transgenic mice, tumor- 

derived cell lines were subjected to spectral karyotyping 
(SKY) analysis (Liyanage et al., 1996). This analysis 
demonstrated that p53 disruption did not significantly 
influence ploidy or other c-myc-in£uced chromosomal 
alterations. Analysis of these and pS&D tumor £r<lG) 

cells lines using both SKY and comparative genomic 

hybridization (CCH) also supported the concept that > 

c-myc-induced chromosomal instability is unaffected by 
pS 7l£™ (McCormack et al., 1998; Weaver et al + 
W Unfortunately, the effects of complete p=3 T ft- 
disruption in the presence of c-myc tT^gene express- 
sion were untestable due to rapidly_arisinglymphoinas 
that forced us to limit the (time fo p mammary -ff — 
observations. *— 

—< 1 |) 


et al 1995). The absence of cooperation between p53 
and c-Myc in tenns of mammary carcinogenesis m 
this model may reflect intrinsic differences between 
murine and human mammary tumorigenesis, tne 
cooperation between c-myc and p53 in inducing 
extremely aggressive lymphomas that hmted th 
mammary observation window, or the specific 
manner in which the P 53 alleles were targeted. It 
has been demonstrated that most p53 alterations in 
human breast cancers are missense mutations that 
may influence the activity of the p53 gene product, 
rather than deletions of entire p53 exons (as was 
done in both of the previously mentioned models) 
that are capable of completely eliminating al p53 
functionality (Elson et al., 1995; Lozano et al., 1998). 
This particular fact suggests that a cross between the 
p53-172R/H mutant transgenic mouse and WAF-c- 
myc or MMTV-c-myc transgenic mouse might be 
more relevant to the study ol breast cancer. 
Unfortunately, there is no evidence to date concern¬ 
ing the frequency or relevance of combined c-myc 
amplification/overexpression and p53 mutation m 
human breast tumors. 


observations. "to «— 
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Summary and future directions 

Recent progress in the study of c-Myc has convincingly 
demonstrated that it possesses a dual role in promoting 
cellular proliferation and apoptosis. Work from our 
group and others has confirmed this dual role ofc-Myc 
in murine mammae and has further shown that c 
of TGFo can cynerfisrically accelerate 
mammary tumorigenesis as well as abrogate tumor 
reliance on estrogenic signalling. These results appe 
similar to those obtained for c-myc/y-Ha-ras ^trans¬ 
genic mice and further suggest that signalling through 
the EGFR (as well as activation of Ras) may induce 
downstream survival-signalling pathways that impinge 
upon c-Myc-driven apoptosis. Currently, work is being 
conducted in our laboratory with mammary tumor cell 
lines derived from the bitransgenic mice to resolve the 
nature and contribution of these survival pathways. 
The contribution of p53 mutacion to breast tumongen- 
esis in h umans is well established. Nevertheless, several 
studies suggest that p53 loss does not functionally or 
physically alter the murine mammae. Work from our 
group and another group has indicated a lack of 
obvious cooperation between hemi 2 ygous po3 knock¬ 
out and c-myc uansgene expression in bitransgenic 
mice Unfortunately, the nature of these two models 
precluded the examination of the effect of homozygous 
p53 loss on mammary tumorigenesis due to the 
pervasive and aggressive lymphomas that arose m 
these animals. As was suggested by work with the ppo- 
172R/H mutant mouse, it would be worth examining 
the contribution of breast cancer-specific pS3 point 
mutants to c-myc-induced mammary tumorigenesis. 

Of significant interest to those who study breast 
cancer and c-Myc is the nature of apoptosis signalling 
by c-Myc and its contribution to breast tumorigenesis. 
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Greater resolution of this apoptotic pathway could 
suggest additional targets for breast cancer therapies. 
Work described herein provides the basis for th 
development of other combinatorial, mammary-speci¬ 
fic transgenic models that will further dissect the 
relationship between c-Myc and apoptosis. 


ThSs >< work^was ll Mipporied by NIH Grants 1R01 AG 1496 
and 1R01CA72460 to RB Dickson and a Department ot 
Defensc° Chant DAMD-17-97-1-7110 to MH Jamcrson. Wc 
thank Sandra L Deming and Dr Dan,ca 1 
valuable discussion and critical reading of the manuscript. 


reftr rnt £' 

ISO 


References 

Amundadottir LT, JohnsonMD. Merlino G Smith GH and 
Dickson RB. (1995). Cell Growth Dtf. 6, 737-748. 
Amundadottir LT, Merlino G and Dickson RB. (1996a). 

Breast Cancer Res. Treat.. 39, 1 19 “J^ 3 . , 

Amundadottir LT, Nass SJ, BerchcmGJ Johnson MD and 
Dickson RB. (1996b). Oncogene. 13, 757-765. 
Amundadottir LT and LederP. (1998). Oncogene. 16. 737- 

Arteaga CL, Hanauske AR. Clark CM. Osborne K, 
Hazarika P. Pardue RL, Tio F and Von Hoff DD. 
(19$$). Cancer Res., 48, 5023-5028. 

Bates SE. Davidson ME. Valerius EM. FretcrCE. Dickson 
u RB, Tam JP. Kudlow JE. Lippman ME and Salomon DS. 

(19&8). Mol. Endocrinol 2, 543-555. . , 

, Bates SE, Valerius EM. Ennis BW, Bronzert DA. Shendan 
JP, Slampfer MR, Mendelsohn J, Ltppman ME and 
Dickson RB. (1990). Endocrinology. 126, S9 °- 607 - 
Brinstcr RL- (1972). In: Growth, Nutrition and Metabolism of 
Cells in Culture. Rothblat G and Cristafalo V (eds). 
Academic: New York, vol 2. pp. 251 -286. 

Brinster RL, Ritchie KA, Hammer RE, O’Bnen RL. Arp B 
and Storb U. (1983). Nature. 306, 332-336. 

Canman CE and Kastan MB. (1997). Ad,. Pharmacol.. 41, 

429 — 460. a *r ci 

Dahiya Rand Deng G. (1998). Breast Cancer Res. Treat.. 52, 

185-200. «... 

Dang CV. (1999). Mol. Cell. Biol.. 19. 1- 11- 
De Luca A. Casamassimi A, Selvam MP, Losuo S. Ciardicll 
F, Agrawal S, Salomon DS and Normanno N. (1999). Int. 
J. Cancer. 80, 589-594. _ . 1Q0Q , 

Deming SL, Nass SJ, Dickson RB and Trock ( l999) l 
Abstract No. 1358. Proceedings of the Annual Meeting of 
the AACR, Philadelphia, PA. 

Derynck R, Goeddel DV, Ullrich A, Guttennan JU 
Williams RD, Bringman T$ and Berger WH. (1987). 

Cancer Res., 47, 707-712. c- cv v, c v 

Dc Stanchina E, McCurrach ME, Zmdy F, Shich S-Y, 
Ferbeyre G, Samuelson AV. Prives C, Roussel MF Shcrr 
CJ and Lowe SW. (1998). Genes Dev.. 12 , 2434 - 244.. 
Dickson RB and Lippman ME. (1995). Endocrine Rev.. 16, 
559 589 

Donehower LA, Harvey M. Slagle BL, McArthur MJ 
Montgomery CA, Butcl JS. and Bradley A. (199.). 
Nature. 356* 215-221, , 

Donchower LA and Bradley A. (1993). Biochon. Biophys. 

Acta. 1155, 181-205. 

Donehower LA. Godley LA, Aldaz CM, Pyle slu 
Pinkcl D, Gray J, Bradley A, Medina D and Vaimus HE. 
(1995). Genes Dev., 9,882 -895. _ o 

Edwards PAW. Ward JL and Bradbury J.M- (1988). 

Eeles RA. Bartkova J, Lane DP and Bartek J. (1993). Cancer 
Surv., 18. 57-75. 

El-Deiry WS. (1998). Sem. Cancer Bioi, 345-357. 

Elson A, Deng C, Campos-Torres J. Donehower LA and 
Lcdcr P. (1995). Oncogene. 11, 181 -190. 

Evan GI, Wyllie AH, Gilbert CS. Liulewood TD. Lund H. 
Brooks M, Waters CM. Penn LZ and Hancock DC. 
(1992). Celt. 69, 119-128. 


Evan GI and Littlcwood TD. (1993). Curr. Opin. Genet. 

Dev., 3, 44—49, ... 

Evan GI and Liulewood TD. (1998). Science, 281 , 1317 - 

Facchini LM and Penn LZ. (1998). FASEB>J-, 12, 633-651, 

Gordon JW, Scangos GA, Plotkin DJ, B ^osa J Aand 
Ruddle FH. (1980). Proc. Natl. Acad. Set. USA. 77, liw 

Harrington EA, Bennett MR, Fanidi A and Evan GI. (1994). 

EM BO J.. 13. 3286 -3295. 

Harris AL and Nicholson S. (1988). In Breast Cancer 
Cellular and Molecular Biology, (eds). Lippman ME and 
Dickson RB, Boston: Kluwer Press, pp. 93-11*. 

Harvey M, McArthur MJ, Montgomery CA. Butcl Jo, 

Bradley A and Donehower LA. (1993). Nature Genet- 5, 

225-229. 

Jaenisch*R, (1976). Proc, Nail. Acad. Sci. USA , 73, 1260- 
1^64 

Jdger R. Herzer U, Schenkel J and Weihcr H. (1997). 
Oncogene, 15, 1787-1795. 

Jerry DJ Kuperwasscr C, Downing SR, Pinkas J, He C, 
Dickinson E, Marconi S and Naber SP. (1998). Oncogene. 

Jhappan C, Stahle C, Harkins RN. Fausto N, Smith GH and 
Merlino GT. (1990). Cell. 61, 1137-1146. _ 

Jones JM, Attaidi L, Godley LA, Lauan^R.MednaD. 

Jacks T, Varmus HE and Donehower LA. (1997). Gelt 

' Growth Diff- 8,829-838. . p 

Leder A, Patiengalc PK. Kuo A. Stewart TA and Leder P. 

(1986). Cell. 45,485 - 495. , 

Lee LW, Raymond VW. Tsao MS. Lee DC, Ewp HS and 
Grisham JW. (1991). Cancer Res., 51, 5238-5244. 

Li B, Murphy KL, Laucirica R, Knirell F, Medina D and 
Rosen JM. (1998). Oncogene. 16, 997-1007. 

Li M, Hu J, Hcermeier K, Hcnnighausen L and Furth EA. ^ 
(1996). Cell Growth Diff- 7, 13-20. . . ^ 

Liscia DS, Merlo G. Ciardiello F. Kim N, Smith GH. • 

Callahan RH and Salomon DS. (1990). Dev. Biol.. 140, j 

123-131. 

Liyanage M, Coleman A, du Manoir S. Veldman , 
McCormack S. Dickson RB. Barlow C, Wynshaw-Bons 
A Janz S, Wicnberg J. Fcrguson-Smith MA, Schrock E 
and Ried T. (1996). Nature Genet.. 14, 312-3l5_ 

Lozano G and Liu G. (1998). Sem. Cancer Biol. ,H, 337-344. 
Martinez-Lacaci I, Bianco C, DeSantis M and Salomon D , . 
r 1 qqq} Trx: Breast Cancer: Molecular Genetics. Pathogen- 
esis. and Therapeutics, Bowcock AM, (ed.). Humana 
Press: Totowa NJ, vol 1, pp. 31-57. 

Matsui Y. Halter SA, Holt JT, Hogan BLM and Coffey RJ. 

(1990). Cell. 61, 1147-1155. . ^ ^ , 

McCormack SJ, Weaver Z, Deming S, Natarajan G.Torn J, 

Johnson MD, Liyanage M, Ricd T and Dickson RB. 

(1998). Oncogene. 16, 2755-2766. e , 

McGeady ML, Kerby S, Shankar V. Ciardiello F, Salomon 
DS and Scidman M. (1989). Oncogene. 4. 137a *3»-. 

Merlo GR, Basolo F. Fiore L, Duboc L and Hynes NE. I 
(1995). J. Cell. Biol.. 128. 1185-1196. J! 

. l)ac DJ tJeirc.re>!\txo(s, SL 

M) nii, t 

^ <w oefi. G« 







JAMERSON 


v 


Miyashita T and Rccd JC. (1995). Cell, 80, 293-299. 

Nass SJ, Li M, Amundadottir LT, Furth PA and Dickson 
RB. (1996). Biochem. Biophys. Res. Comm., 227 y 248-256. 

Nass SJ and Dickson RB. (1997). Breast Cancer Res . Treat., 
44, 1-22. 

Nass SJ and Dickson RB. (1998). Clin. Cancer Res.. 4,1813- 
.1822. - 

Packham G and Gevcland JL. (1995). Biochim. Biophys . 
Acta, 1242, 11-28. 

. Purdle CA. Harrison DJ, Peter A, Dobbie L, White S, Howie 
SEM, Salter DM, Bird CC, Wyliie AH, Hooper ML and 
Clarke AR. (1994), Oncogene, 9, 603-609. 

Salomon DS, Pcrroteau I, Kidwcll WR, Tam J and Dcrynck 
R. (1987). /. Cell Physiol. 130, 397-409- 

Sandgren EP. Lucttcke NC, Palmiter RD, Brinster RL and 
Lee DC. (1990). Cell, 61, 1121-1135. 

Sandgrcn EP, Schroeder JA, Qui TH, Palmiter RD, Brinster 
RL and Lee DC. (1995). Cancer Res 55, 3915-3927. 

Santoni-Rugiu E, Jensen MR and Thorgcirsson SS. (1998). 
Cancer Res., 58, 123-134. 

Schoenenbcrgcr CA, Andres AC, Groncr B, van der Valk M, 
LeMeur M and Gcrlingcr P. (1988). EM BO J., 7, 169- 
175. 

Shankar V, Ciardicllo F, Kim N, Dcrynck R, Liscia DS, 
Mcrlo G, Langton BC, Sheer D, Callahan R. Bassin RH, 
Lippman ME, Hynes N and Salomon DS. (1989), Mol 
Carcinogen 2, 1-11. 

Sherr CJ. (1998). Genes Dev., 12, 2984 - 2991. 

Siegel PM and Muller WJ. (1998). In: Hormones and Growth 
Factors in Development and Neoplasia. Dickson RB and 
Salomon DS. (cds). Wiley-Liss: New York, pp. 397-420. 


c-Myc ki bitranogenlc murine mammary tumor models 
MH Jamarson et ai _ 

Sinn E, Muller W, Pattengalc P, Tepler I, Wallace R and 
Leder P. (1987). Cell, 49, 465-475. 

Sncdeker SM, Brown CF and DiAugustine RP. (1991). Proc . 

Natl. Acad. ScL USA, 88, 276-280. 

Stewart TA, Patiengale PK and Leder P. (1984). Cell, 38, 
627-637. 

Strange R, Li F, Saurer S, Burkhardt A and Friis RR. (1992). 
Development, 115,49-58. 

Telang NT, Osborne MP, Sweterlitsch LA and Narayanan 
R. (1990). Cell Regulation, 1 , 863-872. 

Travers MT, Barrett-Lee PJ, Berger U, Luqmani YA, Gazet 
JC, Powler TJ and Coombes RC. (1988). Br. Med . 296, 

1621-1624. 

Valverius EM, Bates S, Slampfer MR, Clark R, McCormick 

F, Salomon DS, Lippman ME and Dickson RB. (1989). 
Mol. Endocrinol, J, 203-214. 

Valverius EM, Ciardicllo F, Heldin NE, Blonde! B. Mcrlino 

G, Smith GH, Stampfcr MR, Lippman ME, Dickson RB 
and Salomon DS. (1990). J. Cell Physiol, 145, 207-216. 

Wang JK, Johnson MD, Rosfjord EC, Jamcrson MH and 
Dickson RB. (1999). Abstract No. 1093 Proceedings of the 
Annual Meeting of the AACR, Philadelphia. PA. 

Weaver ZA, McCormack SJ, Liyanage M, du Manoir S, 
Coleman A, Schrock E, Dickson RB and Ricd T. (1999). 
Genes Chrom. Cancer, 25, 251-260. 

Zindy F, Eischen CM, Randle DH, Kamijo T, Cleveland JL, 
Sherr CJ and Roussel MF. (1998). Genes Dev., 12, 2424- 
2433. 









